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IIeln oltz { $|$’ f $|$ { .
. D. Bemoulli Euler
, ,
. $\cdot\cdot\cdot$ $\cdot\cdot\cdot$ , ,
. , ,
, .
Helmholtz , ( ) .
Euler . Helmholtz
,
$\frac{dP}{d_{l}^{J}:}-\frac{1}{h}\frac{dp}{dx}$ $=$ $\frac{du}{dt}+-11\frac{d\uparrow\iota}{da}+\eta.!\frac{du}{dy}+w\frac{d\iota x}{d_{\sim}}$ . (1)
$\frac{-}{1kalIlbc^{Y}@I\iota 1by.dti.ne.jp;p:}\frac{rlP}{htt/f_{l/}}\frac{1}{l\iota},\frac{rf.\gamma)}{(l\uparrow/,w}.=\frac{d?.)}{(fl\prime}+.ll\frac{dv}{(la,jp}+?’\frac{dv}{(ly,b}+purp1edti_{1}ne.\cdot\prime kam(’\backslash /$;1 2-11-3 (2)
2 . , .
1697 2010 1-15 1
$\frac{d\int 3}{(l\wedge\vee}-\frac{1}{l_{1}}\frac{d..p}{d_{\vee}\wedge\prime}$ $=$ $\frac{d\iota\downarrow \text{ ^{}\prime}}{dl}$ $+u \frac{d\prime.\iota\int)}{d\tau}+1’\frac{(l\uparrow r!}{d\uparrowK}+w\frac{/l\uparrow.\iota’}{d\wedge:}$ . (3)
, $(l4, l’. w)$ , $P$ .
$- \frac{dh}{dt}$ $=$ $\frac{d(hu.)}{dx}+\frac{rl(hv)}{dy}+\frac{d(h_{1l)})}{(t_{\vee}^{\sim}}$ . (4)
$h$ . , .
, (1) $\sim(4)$ Euler [4] .
[1] , $v=(u.\cdot 1’.u’)=$ gracl $\Phi$ ,
. , ,
$\partial_{t}\Phi+grad(\frac{1}{2}v^{2})=-c^{2}\int\frac{dl\iota}{h}+P$ , $\partial_{t}li+hdivv=-v\cdot gradh$ .
( $\Phi$ ). 1 , $c$
, $p=bh^{-J}$ ( $\gamma$ , $b$ ) :
$c:^{2}=dp/dh=\gamma p/f\downarrow.$ . (ro)
, $gr_{\dot{c}}\iota d(\frac{1}{2}v^{2})$ , v. gradh 2 , ,
1 $t$ , $\partial_{t}h$ . :
$0= \frac{dP}{dt}-\frac{d^{2}\Phi}{dt^{2}}+(^{\backslash }2[\frac{d^{2}\Phi}{dx_{\text{ }}^{2}}+\frac{d^{2}\Phi}{d_{\iota}^{l}\downarrowK^{2}}+\frac{d^{2}\Phi}{d_{\tilde{\epsilon}}^{2}}]$ . (6)
Helmholtz . $P=0$ .
Helmholtz $n$ . $\Phi=\Psi\cos(nt)+\Psi’\sin(nt)$ .
(6) $(P=0)$ , :
$\frac{d^{2}\Psi}{dx^{2}}+\frac{d^{2}\Psi}{dy^{2}}+\frac{d^{2}\Psi}{d\approx 2}+k^{2}\Psi=0$ . $k=n/c=2\pi/\lambda$ . (7)
$\Psi’$ . , $\Psi_{p}$ $\Psi_{s}$ :
$\Psi_{|J}=A\cos kx$ , $B\sin kx$ : $\Psi_{h}$. $= \frac{A’}{\Gamma}\epsilon^{\pm ikr}\backslash$ .
, $k$ , $A,$ $B$ $A’$ , $r\cdot=(x^{2}+y^{2}+\approx^{2})^{1/2}$ .
:
$R$ , $n$ $\Psi_{1^{J}}\cos(nl)$
. , ,
. , , $x$ ,
$\prime r=1_{J}(>0)$ . , $lt_{1}r$ :
$\phi_{()}$ $=$ $(A\cos k\tau+B\sin k.r)e^{i}$“
$t$





$\sigma_{r}$ . . ,
, .
. , 3 A. $\mathcal{B}A’$ .
II}$1_{1}nholtr_{L}$ , .
$\iota^{1_{)}^{Y}}$ 3 , 2 $\Phi$ $\Psi$
, :
$\int\int\int_{V}[\Psi(\triangle\Phi+k^{2}\Phi)-\Phi(\Delta\Psi+k^{2}\Psi)]dV=/\int_{h},$ $[ \Psi\frac{\partial\Phi}{\partial n}-\Phi\frac{\partial\Psi}{\partial n}]dS$ .
, $r?/\subset\eta_{ll}$ $k^{\backslash }$) . , $\Phi$ $\Psi$
, $\Delta\Phi+k^{2}\Phi=0$ $\triangle\Psi+k^{2}\Psi=0$ , :
$\int]_{6^{Y}}[\Psi\frac{d\Phi}{dr1}-\Phi\frac{\mathfrak{c}1\Psi}{dn}]d6^{\tau}=0$. (8)
2 ( $\sigma_{0}$ — $\sigma_{r}.$ )
, $S$ , $S$ $V$ . $(l)0,$ $(\text{ ^{}J^{-}})r$.
, (7) , , (8)
$S$ , $A,$ $B_{A}4’$ .
, , ,
: $\phi$ $=$ $\frac{1}{\cos k\alpha}\sin k(x-/\cdot j)\cos nt-\cdots\cdots$
: $\iota/$ , $=$ $- \frac{k\sigma}{2\pi 7}c(\supset s(r|/-kr)$ .
. , $(\prime i=L+\alpha$ , $\alpha$ ,
$a\approx O.82R$ (infinite flange). $0\approx 0.58R$ (without flange).







Eulcr , Hclmholtz 1759 ‘ ’ [7] .
. LaGrange ,
. , . 20
R.. B. Lindsay Theory of Sound ( 1) 1945 , $LaGrarigc$
, . LaGrange [5]
. .
, .
$[7\rceil$ 1$|||$ . , .
$\searrow$ . ,
. Newtoii[6] .
, . Turin LaGrangc , 1759
3
Turin Misccllanca Physico-Mathcmatica
. . Newton ,




, Euler 22 .
3 . Ncwton , $||$ iJ
. , LaGrangc , Etilcr
. Newton [6] II ( 47, 48, 49) ,
, $c=\sqrt{gl\iota}$ . , $\rho$ ,
$p=\rho gh$ 3. , ,
$h$ . 49 I, II ,
$g$ , , $v$ T.q .
. $T=2\pi\sqrt{l\iota/q}$ , $h$. $L=2\pi h$
, $L/T=\sqrt{}$ . $=\sqrt{p}/\rho$ ,
. $h$ $\overline{v}$ $\tilde{t}=h/\overline{\tau f}$ . 7 ,
$\frac{1}{2}g\overline{t}^{2}$ . A , $\overline{t}=\sqrt{l_{l}/q}$ , vf $=$ h/t $=$ .
, $\sqrt{g}$ , ,
.
Euler , , , [ ] .[
$]=$ , , ,
$\sqrt{}$q . Newto11 , ,
, , . ,
$c$ , Euler .
, . Ncwton
. Eulcr $c=\sqrt{q_{l}}$ , Eulcr-Newton
4 Newt$()11$ , ,
$\int$q$\urcorner$i. Eulcr .
22 Euler
Euler , Lagr$\cdot$angi$(m$ picture .
$X,$ $Y,$ $Z$ , : $x=f(X, \}’. Z. t),$ $y=$
$g(X, Y. Z, t),$ $\approx=h(X, \}\prime r_{7} Z. t)^{}$
1 , Euler $[7|$ $t$ $x=f(X, t)$ .
, $X$ $f(X. 0)$ . 3 , 1
, $x=X+y(X. t)$ , Euler : $\{\grave{j}$
$\frac{d^{2}y}{dt^{2}}=C^{1}2\frac{d^{2}y/d\lambda^{\prime 2}}{(1+(dy’ dX))^{2}}\approx c^{2}\frac{d_{1}^{2_{J}}}{d\lambda^{2}\prime}$ .
$y$ , , 1 .
, 1 .
3 :
Euler $[$8 $]$ , 2 , 3 . $X_{1},$ $X_{2}$ . $X_{3}$
( X. Y $Z$ ). $x_{k}=X_{k}+\xi_{k}(X_{l}.t)(k, l=1,2,3)$ ,
$fr^{2}=p’\rho=\rho gh/\rho=gl\}$ . . $c^{2}=2_{\overline{9}}h$ . , ,
$y=\overline{g}t^{\underline{9}}$ $-|\dagger$ , $g$ , $g=2\overline{g}$ .
4Lagrangc , .
$\backslash 5$Laplax$:e$ , 1776 , . Darrig$()1[9]$ .
r$)$ [7] , $(1+(e1y/dX)^{2})$ .
4
$(1:r_{1}dx_{2}$dr3 $\rho$ , $\rho((1_{J_{1}(}1:)_{2}(1?_{3})=/)_{(}(dX_{1}dX_{2^{(}}1X_{3})$
. , $X_{k}$ $:l_{k}$ Jacobian
$\frac{()(.\cdot.\prime}{\partial(X_{1\backslash }\lambda_{2,}’\lambda^{r}\prime;)}=\frac{/)_{()}}{\rho}=\frac{1}{t}$ , ( $/j_{(}=1$ ). (9)
, $\partial x_{k}/\partial X_{l}=\delta_{kl}+r)\xi_{k}/\partial X_{l}$ ,
$\frac{1}{\rho}=\frac{()(:r\cdot:l,::_{\backslash }\cdot)}{(9(\lambda_{1\^{1}}’ Y_{2}’,X_{\backslash }\prime;)}$ $=$ $1+ \frac{()\xi_{k}}{\dot{(})_{\wedge}Y_{k}}+O(\dot{\llcorner}=^{2})=1+r’+O(\epsilon^{2})$ .
, $\epsilon\equiv Ma_{\mathfrak{l}}x^{r}|\partial\xi_{k}/\partial X_{l}|\ll 1$ , $v=di_{V_{\wedge}\backslash }’\xi$
. $\rho=1-\iota+O(=^{2})$ . $c1_{1)}/d\rho=c^{2}$ ,
k $(= \frac{c?^{2}}{\partial t^{2}}\xi_{k})-$ — (10)
. , $Y_{\mathfrak{l}}$ . $O(\vee^{\wedge}-)$ ,
(10) , $\dot{c}?^{2}\xi_{k}/\partial t^{2_{=-t^{2}}’},\cdot(\partial’\acute{c})X_{k})\rho=c^{2}(\acute{c}\overline{J}\tau)/\partial X$ . $X_{k}$ $div$ ,
$\frac{1}{c^{2}}(\frac{d^{2_{l’}}\prime}{e1t^{2}})$
$=$
$( \frac{(1^{2_{|f}}}{dX^{2}})+(\frac{(1^{2_{l’}}}{e1Y^{2}})+(\frac{(1^{2_{l}}}{(1Z^{2}})$ .. .
. 3 , Euler[8] 1759 .
$c:=\sqrt{?)//)}$ Newton , ,
, 3 . Laplace (1816)
(5) , 57
.
2.3 , Poisson $($ 1820$)$
,
$\frac{d^{2}}{dt^{2}}\phi-c\iota^{2}\nabla^{2_{(}}b=0_{7}$. $\emptyset(x, y. z)|_{t=0}=f(x, y, z)$ , $\dot{q})(x, y, z)|_{t=0}=F(a:, y, \approx)$ .
, Poisson $([$ 11 $]$ , lS20 $)$ , :
$( \beta=\frac{t}{4\pi}\int\int F(r\cdot)d\overline{rightarrow}|_{r=a.t}+\frac{1}{4r_{I}}\frac{d}{dt}[t\int\int f$(at) $d\varpi]$ ,
$d\varpi=dS_{\gamma}./r^{2}$ $($ ), $d_{\llcorner}9_{\gamma}$. $r$ .
3 Helmholtz
3.1 Strouhal $($ 1878$)$
( ), , .
Acolian harp , Aeolian tone 7. Acolian toncs
1878 Strouhal $[12|$ . $St_{I()11}1_{1}a1$ (
$)$ , $f$ . , $f$
7 $A_{P()}|_{l1*}\backslash$ . Aeolian tone , 1650 Musiirgia
Uiiiversalis ( $At1_{1}an*s^{\neg}i_{11S}$ Kirclier ) ( private communication).
5
. $d$ 1) . $fd\prime f=6_{t}^{Y}$
0.18 . (Reibiiiigstone) ,
. ,
, . , $E\iota ilcr$
. B\’enard[13] ,
8 . Raylcig]1 ”Aeoliaii ton $()t_{\urcorner}^{\backslash }$ ” $|||\ovalbox{\tt\small REJECT}$ [14]. YU(liii $[1_{\iota)}^{\ulcorner}]$
vortex sound , vortex s$()\backslash 1I1(1$ , $v()rt(\tau_{\ovalbox{\tt\small REJECT}}x$ sound
, , foriiiulatiori .
3.2 Rayleigh (1877, 1896, 1926)
Rayleigh Strouhal , $Th$eory of Sound [2] ,
, . Vohnncl , ,
. , , , .
Volunre2 , ,
. Helmholtz , [1] .
, Strouhal Rcibungs tonc , vortcx
sheets . , ’ ’ ,







. MJ. Lighthill , ,
, [17],
Acrodynainic sound ( ) . ( ) Lighthill ,
. . $U$
( ) $U^{8}$ $U^{8}$- .
4.2 Theory of vortex sound
,
. ,
. Acorian tonc , 2 $()$ , Powell $[$ 18$]$
vortex so$111l([$ , $div(\omega\cross v)$ . $\omega$
, . 4
.
, Obermeier [19] ,
, Powc11 2 . , 2
$l$ J. $f$ .
( [20] ). 3 .
Howe[21] $r_{\lrcorner}iglithil1$ . ,
$(c_{t)}^{-2}\partial_{l}^{2}-\nabla^{2})p’=t^{J}0^{div(\omega}\cross v)$ , (11)
8 $B\epsilon’$nard(1908) K\’arm41 (1911) .
9 .
6
, Equation $of\uparrow\prime ortr^{I}\tau$ sound . , . I’t: $J_{(}$
, eritropy . , $c_{0}$ , $p’=p-f’ t$ , $v$ , $\omega=\nabla\cross v$






(11) , Powell-Howe . Mohring [22] ,
(18) ( ) , (11) 3 $p(x, t)$
. $\omega(x, t)$ , , $\omega(x, t)$ , 3
. (Howe 2 vortex sound
. M\"ohring .) , $\omega$ , Vortex
Sound .
4.3 Vortex sound: Reformulation and experimental detection
, 2 Kambe&Minota [23]




2 Kambe, Minota &Takaoka [26] $)$
. , ( 77). ,





$\Phi$ . $\Phi$ ,
( ) $+$ (2 ) $+$ (4 ) $+$
. 1 $Q_{0}(t)r$ . , 2 2 $\acute{r})_{i}.(1’ r\cdot)$
$Q_{i}(t)$ . 3 4 j (1/7) $Q_{i.j}(t)$ .




Ishii, Adachi&Kambc [27] , .
4.4 Vortex sound: DNS
2 Irioiic, Hattori&Sasaki [28]
. [23] . , DNS (Direct
Nuincrical Simulation) . , 1/10 ,
, ( 74“ dns”).
2 Nakashima, Hatakcyama&Inouc [29, 30] DNS






$\frac{\dot{r}J}{\partial t}\rho+\frac{(j}{t^{-}\prime Jx_{i}}(p_{1_{i}}.)=0$ , $\frac{\partial}{\partial t}(t)+\frac{\dot{c})}{(i\tau_{k}}\Pi_{ik}=0$ , (12)
, , $\Pi_{ik}=\rho v_{i}v_{k}+$ $(p-$ Po $)\delta_{ik}-\sigma_{ik}$ , $P$ , $l)_{(1}$
. $\sigma_{ij}$ :
$\sigma_{ik}=\mu e_{ik}$ , $(’ ik= \partial\iota;i/’\partial x_{k}+\mathfrak{c}’)v_{k}/\partial x_{i}-\frac{2}{3}\delta_{ik}\partial\iota_{t}t^{;}Jx$ ” ( $\mu$ : ).
(12) 2 , $\rho$ Lighthill :
$(/ \partial_{t}^{2}-c^{2}\nabla^{2})\rho’=\frac{\partial}{(\prime)x_{i}}\frac{\dot{t}J}{j)x_{k}}T_{ik}$ , $T_{ik}=\Pi_{ik}-(:^{2}\rho’\delta_{ik}’=\rho v_{i}v_{k}+(p’-c^{2}p’)$ $-\sigma_{ik}$ , $(1_{\iota}l)$
, $c$ . $\rho’=\rho-\gamma_{J}(),$ $p’=p-l)_{(}$ . , , ,
$\rho’(x, t)$ $=$ $\frac{1}{4\pi c^{2}\prime}\frac{\acute{(})}{\partial’x_{i}}\frac{j)}{\partial x_{k}}\int\frac{T_{ik}(y,t_{r})}{|x-y|}d^{\iota}\prime y$, (14)
. , $t_{r}=t-|x-y|c$ . , $y$ $x$ .
2 , 4 . Lighthill [17]
(14) , $U^{8}$- , , $U$ 1? $U^{8}$ (
$P$
$U^{4}$ ) . , Powell[31] .. $(\sigma_{ik}=0)$ : $M$ $U/c$ . $—-$ $(s=\cdot-\cdot--$- ,
$p’-c^{2}\rho’)$ $(M\ll 1)$ , Lighthill (13) ,
$(c^{-2} \dot{c}f_{\ell}^{2}-\nabla^{2})p=\rho_{0}\frac{\partial’}{\partial’x_{i}}\frac{\partial’}{\acute{e}x_{i}}v_{i}\tau_{j}f$ . (15)
. :
$(c^{-2}\dot{\mathfrak{c}}i_{t}^{2}-\nabla^{2})p=\rho_{0}div$ $L$ . (16)
, $\nabla\cdot v=0$ , :
$\frac{\partial’}{\partial x_{i}}\frac{\partial’}{\partial’x_{i}}v_{i^{lf}j}$ $=$ $( livL, L\equiv vj\frac{\partial}{\partial_{Xj}}\tau)i=(v\cdot\nabla)v=\omega\cross v+\nabla(\tau f2/2)$ .
$d$ iv $L$ . , $\rho_{()}div(\omega\cross v)$ Powcll-Howc .
5.2
. ,
$v_{i}(x, 0)=.[\hat{\tau}|i(k, 0)c^{k_{X3}}:^{t}d’k$ ,
, $v(x, 0)$ :
$divv=0$ , $k\cdot\hat{v}(k)=0$ at $t=0$ .
. , . . (15)
$\dot{t}J_{i}\partial_{j}(v_{i^{1\prime}j})$ $=$ $()- \int z$ $fi(k_{1})e^{\tau k_{1}\cdot x} d^{3}k_{1}\cdot\int\grave{v}_{j}(k_{2})^{k_{\underline{7}}\cdot x3}e^{\iota}d’k_{2}$
$=$ $- \int\int(K\cdot v(k_{1}))(K\cdot\hat{v}(k_{2}))o^{l}K\cdot x_{(1^{;}k_{1}dk_{2}}^{i}\backslash$ , $K=k1+k_{2}$ .
. , $(k_{2}\cdot\dot{v}(k_{1}))(k_{1}\cdot v(k_{2}))$ , . (15)
, $p(x, t)$ , (17), (1) $\sim(3)$ , , $p$ $gra(1$
. , I $\not\in$ , .
8
6 [24, 25, 26]
$\omega$ . $l$ , $8f$ ,
$M$ 1 :
Mach number : $hI=t’/c\ll 1$ , tiiiie scalc: $\tau=l/\tau;$ , wave scalc: $\lambda=c\tau=l’\lambda\cdot J\gg l$ .




, $o(c^{-2_{l^{J}tt}})/O(\nabla^{2}p)=(\triangle pc^{2}\tau^{2})’(\triangle p/l^{2})=l^{2}\prime c^{2}\tau^{2}=M^{2}$ , $v(x, t)$
, $divv=0$, :
$\partial_{i}’v+(v\cdot\nabla)v$ $=$ $-\rho^{-1}\nabla p+\nu\nabla^{2}v$ , ( $\nu=\mu’\rho$ : ), (17)
$\partial_{t}\omega+\nabla\cross(\omega\cross v)$ $=$ $J$
$\nabla^{2}\omega$ , $\omega=\nabla\cross v$ . (18)
( $O(M^{2})$ ) $\rho=\rho_{0}$ , (17) $div$ :
$-\nabla^{2_{p=)}},0^{di_{V}L}$ . (19)
, (16) 1 . $PI$ .
$p_{I}:=p-p_{0}= \rho_{0}\int G(x,y)\nabla_{y}\cdot L(y,t)d^{3}y$, (20)
$G(x, y)$ , $\nabla_{x}^{2}G(x, y)=-\delta(x-y)$ .
$K(t)= \frac{1}{2}\int v^{2}d^{3}y=-\frac{1}{2}/x\cdot Ld^{3}\backslash y$ , (21)
. , ni $i_{i}=-x_{i}L_{i}+\partial_{j(v)-X_{i^{tf}i(\partial v)}}x_{i^{1)}ij}jj$ $\partial v=0$ .
, $\iota’J_{j}(x_{i}v_{i}v_{ 7})$ . , (22) , $Q_{0}=$
, $xarrow\infty$ $=|’\partial_{i}\Phi|=O(x^{-3})$ .
62
$\omega(x, t)$ $v(x, t)$ . $\omega(x, t)$
(18) . $D$ , $\omega(x, t)$ . $\omega(x, t)$
, $v(x, t)$ :
$v(x,t)=(:11r1A,$ $A(x, t) \equiv\frac{1}{4\pi}\int\frac{\omega(y,t)}{|x-y|}d^{3}y$.
$D$ $y(\in D)$
.
$x$ , $(x=|x|\gg y=|y|)$ :
$\frac{1}{|x-y|}=\frac{1}{x}-y_{i}\frac{\dot{(})}{(’ x_{i}}\frac{1}{x}+\frac{1}{2}y_{illj}\frac{\partial^{2}..1}{(;_{\tau_{i}()\tau_{j}x}}-\frac{1}{3!}y_{i}y_{j}y_{k}\frac{\partial^{::}1}{i1x_{j}.(ix_{j}’\partial a:_{k^{X}}}+\cdots$ .
$D$ , $v$ . , $v=grad\Phi$
. $\Phi$ , [26], $x$ :
$\Phi(x, t)$ $=$ $Q_{0}(x, t)+Q_{i} \frac{r)}{\partial’\prime x_{i}}\frac{1}{x}-Q_{ij}\frac{\dot{l}^{2}1}{\partial x_{i}’\partial a_{j^{X}}}+Q_{ijk}\frac{r)^{3}1}{\partial’\alpha_{i}\dot{c})x_{j}^{t}\partial x_{k}x}+O(x^{-5})$ , (22)
$Q_{i}(t)= \frac{1}{8\pi}\int_{D}(y\cross\omega)_{i}d^{3}y$ , $Q_{i_{j}}.(t)= \frac{1}{12\pi}\int_{D}y_{i}(y\cross\omega)_{j}d^{3}y$ , (23)
$Q_{ijk}(t)= \frac{1}{32\pi}\int_{D}.\cdot\}$ , $\cdot\cdot\cdot\cdot\cdot\cdot$ . (24)
9
, $[$23$]$ . 1 $Cf_{(}$
. 2 $Q_{z}$
$(Q_{i}=(oiist,$ $P_{z}\equiv 4\pi Q_{i}$ $)$ . , Q..
. $p_{I}=-\rho_{(\mathfrak{l}^{(}}\prime f_{\ell}\Phi$ .
63
$\lambda$ , $O(c^{-2}p_{tt})’ O(\nabla^{2}p)=\lambda^{2}’(c^{2}\tau^{2})\approx 1$ ,
$\grave{x}_{i}\equiv\frac{x_{i}}{\lambda}=M?_{i}$ , $\hat{t}=\frac{t}{\tau}$ , $\dot{p}=\frac{I^{J}-p_{()}}{()0v^{2}}$ , $\acute{v}_{i}=\frac{v_{i}}{t}f.$ , $\hat{\nabla}=\lambda\nabla$ .




, $A(\hat{t})$ . $\grave{x}=|\hat{x}|$ . $x_{i}$
. , $p_{O}=p-p_{0}$ . :
$p_{O}(x,t)= \frac{A_{(1}(\hat{t}-\hat{x})}{\grave{x}}+\frac{\partial’}{\partial\hat{x}_{i}}\frac{A_{i}(\acute{t}-\hat{x})}{\hat{x}}+\frac{\partial^{\prime 2}A_{ij}(\hat{t}-\grave{x})}{\partial\hat{x}_{i}\partial\hat{x}_{j}\hat{x}}+\cdots$ , (26)
, $\hat{t}-\hat{x}=(t-xc)/\tau$ . $A_{0}(i),$ $A_{i}(i),$ $A_{ij}(\hat{t}),$ $\cdots$
. $p_{I}$ . .
$\omega(x, t)$ , $t^{y}o$ , .
, $\Phi_{*}(x, t)$ . $v=gr_{\dot{C}}td\Phi_{*\prime}$
Po $=$ - $\rho$0 $\partial$t $\Phi$ .
6.4
2 $(x, t)$ $p_{O}(x, t)$ o) , $\sim i\sim atching$ priiiciplc .
PI $(\overline{x}$ , , $\overline{x}arrow\infty$ . , $p_{O}(\hat{x},\hat{t})$ , $\grave{x}arrow()$
. , .
, (26) $A_{0}(\hat{t}),$ $A_{i}(\hat{t}),$ $A_{ij}(\grave{t}),$ $\cdots$ [26].
, , $(’\hat{x}arrow\infty)$
$(x, t)$ . :
$p_{i^{\neg}}.(x, t)$ $=$ $\frac{5-3\gamma\rho_{()}}{12\pi c^{2}}\frac{1}{r}K^{(2)}(t_{r})+\frac{\rho_{()}}{c}\frac{x_{i}}{r^{2}}Q_{\dot{l}}^{(2)}(t_{r})+\frac{\rho_{()}}{c^{2}\prime}\frac{x_{i}x_{j}}{r^{\backslash !}}Q_{ij}^{(!)}\backslash .(t_{r})+\frac{\rho_{(1}}{\mu}\frac{x_{i}x_{j}x_{k}}{r^{4}}Q_{i.jk}^{(4)}(t_{r})+\cdots$
(monopole) (dipolc) (quadrupole) (octapole) (multipoles)
$Q^{(n)}(t)= \frac{d^{n}}{dt^{?1}}Q(t)$ , $r=|x|$ , $t_{r}\equiv t-rr$ . (rctardcd timc). (27)
, $K(t),$ $Q_{i}(t),$ $Q_{i_{J}}(t)$ , Qijk $(t),$ $\cdots$ (21), (23), (24) .
$\omega(x, t)$ . $t$ . , , vortex
sound .
7
, 1983, 86 2 [23, 33].
[26]. (7.1 ), ,
. , $\triangle_{P}$ (Pa) $xU^{4}$ , 79 $b$
$(U[II1’\backslash \urcorner])$ . , 72 .
10
7.1 2 ( )
$|$
. -:.




73 $\downarrow$ $i\iota z$





A $ll\cdot$ ’ $u$
74 4 pq(t) :.
pq : [33], inv : [24],
dns : [28].
$r_{l},\ldots$ $ $W^{n\cdot 4}u^{\cdot*ul}$
$\cup l\"\prime u\vee 1\sim\sim\cdot M\backslash \downarrow m\mu\gamma irightarrow\infty.,$ :,,1’ $\cdot$ $\cdot’:\backslash$ $1$ ” $\hslash*$




78 : 79 [25, 39] :
( )DNS [30], ( ) [26]. $\Delta p(Pa)$ $vs$ $U(m1_{8})$ .
:
( ). $\Rightarrow$
72 ( , )
711 ( )
( ) Cardioid pattern( ), ( ) [32].
12
:. ( 711): ( 79a) [32],. ( 710): ( 79d) [34],. : [35],. : ( 79c) [36].
8 Maxwell-like
, , , $E$ $B$
.
–$arrow$ , , ( ) :
$(tv+(v\cdot\nabla)v=-\nabla h$ $(=- \frac{1}{\rho}\nabla p)$ , (28)
, 3 :
$(a)$ : $(\prime J_{t}\rho+\nabla\cdot(\rho v)=0$ ,
$(b)$ : $\partial_{t}^{\Gamma}s+v\cdot\nabla s=0$ ,
$(c)$ : $\partial_{t}\omega+\nabla\cross(\omega\cross v)=0$ .
, $v$ , $\rho$ , $\omega=\nabla\cross v$ , $s$ , $h$ .
$(a),$ $(b),$ $((:)$ ,
. , $E$ $B$ :
$E$ $\equiv$ $-\partial_{t}v-\nabla h$ , $B=\omega=\nabla\cross v$ , (29)
, :
(A) $\nabla\cross E+\dot{(}J_{t}B$ $=0$ , (B) $\nabla\cdot B=0$ ,
(C) $c^{2}\nabla\cross B-cJ_{t}E$ $=J$ , (D) $\nabla\cdot E=q$ ,
,
$q$ $=$ $-(\prime f_{t}(\nabla\cdot v)-\nabla^{2}h,$ $c=\sqrt{(\prime\partial p\partial\rho)_{s:fixcd}}$ (sound speed), (30)
$J$ $=$ $\partial_{t}^{2}\prime v-r^{2}\nabla^{2}v-(\nabla\cdot v)\nabla c^{2}-\nabla F$ $F\equiv c^{2}p^{-1}(v\cdot\nabla)\rho=v\cdot\nabla h$, (31)
$(A)\sim(D)$ , . (B) (D) (29)
$q$ (30) . (A) (29) .
, (28) , $E$ :
$E=(v \cdot\nabla)v=\omega\cross v+\nabla(\frac{1}{2}v^{2})$ . (32)
$B=\omega$ , (A) (c) . (C) , $(a)$
. (C) (28) .
9
, $v(x, t)$
. $/0$ , $q$ ) $=[((i_{I})/(’)$ .
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(C) $-c_{0}^{2}\nabla\cross B$ , $t$ , (A) $\dot{c})_{t}B$ ,
$\dot{\mathfrak{c}}\_{l}^{2}E+c_{\mathfrak{v}^{2}}^{i}\nabla\cross(\nabla\cross E)=-\partial_{t}J’$ .
. , $J’=J-(c^{2}-c_{()}^{2})\nabla\cross\omega$ . 2 , ,
$(\partial_{f}^{2}-r:_{(1}^{2}\nabla^{2})(E+(".v)=-c_{(1}^{2}\nabla(\nabla\cdot E)-\dot{r}1_{l}.J_{*}$ , $J_{*}=\nabla(c_{()}^{2}Q)$ , (33)
. $J$ . $=J’-(’\partial_{\ell}^{2}-c_{()}^{2}\nabla^{2})v$ , $Q=(1-c^{:.2})\nabla\cdot v-(:^{2}\rho^{-1}(v\cdot\nabla)\rho,$ $(\hat{a}=c/c_{\dot{\langle})})$ . (29)
, $E+’\partial_{t}v=-\nabla h$ . (33) $grad$ ( )
. , $—\tilde{l^{J}},\rho$ ,
$(c_{0}\partial_{t}-\nabla^{2})\tilde{l}\}$. $=$ $S(x,t)$ , $S\equiv\nabla\cdot E+\partial_{t}Q$ , $\nabla\cdot E=\nabla\cdot(\omega\cross v)+\nabla^{2}(\frac{1}{2}v^{2}),$ (34)
. , $\tilde{l}\iota=h-l\iota_{0}.\tilde{p}=p-P0\cdot$
(34) $S$ 1 $\nabla\cdot E$ , $[$ 23$]$ :
$\tilde{p}(x,t)$ $=$ $\frac{p_{0}}{c_{0}^{2}}\frac{x_{i}x_{j}}{r^{1}}(\frac{d}{dt})^{3}Q_{ij}(t_{r})+\frac{\rho}{6\pi^{0}c_{()}^{2}}\frac{1}{r}\frac{d^{2}}{dt^{2}}K(t_{r})$, $Q_{ij}(t)= \frac{1}{12\pi}\int_{1)},$ $y_{i}(y\cross\omega(y,t))_{j}c1^{3}y$ .
(27) $p_{F}$ 1 3 . [38].
. .
, $B$ $E$ , 4
$(A)\sim(D)$ . , . , $(cr.)$
, $(b)$ $(c)$ :
$\partial_{l}’.s+v\cdot\nabla s$ $=$ $\frac{1}{\rho T}Q$ , $d_{t}/\omega+\nabla\cross(\omega\cross v)=R$ ,
$Q \equiv\frac{1}{2}\mu e_{ik}e_{ik}+\zeta\Delta^{2}$ , $R\equiv\nabla\cross P$ , $P=- \nabla h+T\nabla s+\frac{1}{\rho}\partial_{k}’\sigma_{ik}$.
—-:$\nabla(\nabla\cdot E)=\nabla\cross(\nabla\cross E)+\nabla^{2}E=\nabla\cross B+\nabla^{2}E$ .
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